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B. Pasquini
Dipartimento di Fisica Nucleare e Teorica, Università degli Studi di Pavia, and
Istituto Nazionale di Fisica Nucleare, Sezione di Pavia, I-27100 Pavia, Italy
Abstract. The spin structure of the nucleon is studied in a light-cone description of the nucleon
where the Fock expansion is truncated to consider only valence quarks. Transverse momentum
dependent parton distributions and transverse-spin densities, defined through the generalized parton
distributions in the impact parameter space, are investigated as new tools to reveal the spin-spin and
spin-orbit correlations for different quark and nucleon polarizations.
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INTRODUCTION
One of the most important goal in QCD spin physics is to understand the spin structure
of the nucleon, i.e. how the nucleon spin is made from its fundamental constituents.
This issue has been of intensive experimental and theoretical investigation over the last
decades, in particular by exploring the QCD parton model in deep inelastic processes in
terms of unpolarized and helicity parton distributions functions (PDFs). In recent years
a precise knowledge of the transverse structure as well as of parton-momentum correla-
tions has emerged as an essential part to unravel the spin and momentum substructure of
the nucleon. This information can only be obtained by considering processes beyond the
inclusive reactions, such as semi-inclusive deep-inelastic (SIDIS) lepton nucleon scat-
tering or exclusive lepto-production processes at large momentum transfer. According to
the factorization theorem, the physical observables of such processes can be expressed
as convolution of hard partonic scattering cross sections, and soft non-perturbative ob-
jects given by quark-quark correlation functions which generalize the forward matrix
elements occurring in the definition of the PDFs. In the case of SIDIS processes one
deals with transverse momentum dependent parton distributions (TMDs) which are de-
fined in terms of the same matrix elements entering the definition of PDFs, but without
integration over the transverse momentum [1]. On the other hand, exclusive processes
such as eN → eNγ or eN → eNM (where M = pi , ρ, K etc.) allow to access general-
ized parton distributions (GPDs) which involve non-forward matrix elements between
hadron states with different momentum and/or polarization before and after the scatter-
ing [2]. Although the TMDs and GPDs can be seen as two different limiting cases of the
same generalized parton correlation functions, no-model independent relations between
the two classes of objects has been obtained so far [3].
The TMDs contain rich and direct three-dimensional information about the internal dy-
namics of the nucleon, and in particular can help in understanding the strength of dif-
ferent spin-spin and spin-orbit correlations. On the other hand, the GPDs provide new
method of spatial imaging of the nucleon, through the definition of impact-parameter de-
pendent spin densities which reveal the correlations between the momentum and spatial
distributions of quarks for different quark and target polarizations. A convenient way to
make explicit which kind of information on hadron structure is contained in these quan-
tities is the representation in terms of overlap of light-cone wave functions (LCWFs)
which are the probability amplitudes to find a given N-parton configuration in the Fock-
space expansion of the hadron state [4]. In the following, we will confine our analysis
to the three-quark sector, by truncating the light-cone expansion of the nucleon state
to the minimal Fock-space configuration. The three-quark component of the nucleon
have been studied extensively in the literature [5]-[11] in terms of quark distribution
amplitudes defined as hadron-to-vacuum transition matrix elements of non-local gauge-
invariant light-cone operators. Unlike these works, the authors of Refs. [12, 13] con-
sidered the wave-function amplitudes keeping full transverse-momentum dependence
of partons and proposed a systematic way to enumerate independent amplitudes of a
LCWF which parametrize the different orbital angular momentum components of the
nucleon state. This approach consists in writing down the matrix elements of a class of
three-quark light-cone quark operators which serve to define a complete set of light-cone
amplitudes. These matrix elements can be simplified using color, flavor, spin and discrete
symmetries [13], and at the end one finds that six amplitudes are needed to describe the
three-quark sector of the nucleon LCWF. This general classification scheme can be used
to obtain the overlap LCWF representation of the TMDs and GPDs, which in turn can be
applied to obtain predictions within specific dynamical models of the nucleon. Here we
will adopt a light-cone constituent quark model (CQM) which has been successfully ap-
plied in the calculation of the electroweak properties of the nucleon [14]. As outlined in
Ref. [15], the starting point is the three-quark wave function obtained as solution of the
Schrödinger-like eigenvalue equation in the instant-form dynamics. The corresponding
solution in light-cone dynamics is obtained through the unitary transformation repre-
sented by product of Melosh rotations acting on the spin of the individual quarks. In
particular, the instant-form wave function is constructed as a product of a momentum
wave function which is spherically symmetric and invariant under permutations, and a
spin-isospin wave function which is uniquely determined by SU(6) symmetry require-
ments. By applying the Melosh rotations, the Pauli spinors of the quarks in the nucleon
rest frame are converted to the light-cone spinor. The relativistic spin effects are evident
in the presence of spin-flip terms in the Melosh rotations which generate non-zero orbital
angular momentum component and non-trivial correlations between spin and transverse
momentum of the quarks. On the other hand, the momentum-dependent wave function
keeps the original functional form, with instant-form coordinates rewritten in terms of
light-cone coordinates. The explicit expressions of the light-cone amplitudes within this
CQM can be found in Ref. [16], while the corresponding results for the TMDs and GPDs
in the impact-parameter space will be discussed in sect. 2 and 3, respectively.
TRANSVERSE-MOMENTUM DEPENDENT DISTRIBUTIONS
SIDIS processes are described at leading order by eight TMDs, f q1 , f⊥q1T , gq1, gq1T , g⊥q1L ,
hq1, h
⊥q
1T , h
⊥q
1L , and h
⊥q
1 , which depend on x and k
2
⊥. Among them, the Boer-Mulders
h⊥1 [17] and the Sivers f⊥1T [18] functions are T-odd, i.e. they change sign under “naive
time reversal”, which is defined as usual time reversal, but without interchange of initial
and final states. Restricting the analysis to the remaining six T-even TMDs, we find the
following results within our light-cone CQM [16]
f q1 (x,k2⊥) = Nq
∫
d[1]d[2]d[3]δ (k− k3)|ψ({xi},{k⊥ i})|2,
gq1L(x,k
2
⊥) = P
q
∫
d[1]d[2]d[3]δ (k− k3)|ψ({xi},{k⊥ i})|2
(m+ xM0)2−k2⊥
(m+ xM0)2 +k2⊥
,
gq1T (x,k
2
⊥) = P
q
∫
d[1]d[2]d[3]δ (k− k3)|ψ({xi},{k⊥ i})|2
2M(m+ xM0)
(m+ xM0)2 +k2⊥
,
hq1(x,k
2
⊥) = P
q
∫
d[1]d[2]d[3]δ (k− k3)|ψ({xi},{k⊥ i})|2
(m+ xM0)2
(m+ xM0)2 +k2⊥
,
h⊥q1T (x,k
2
⊥) = −P
q
∫
d[1]d[2]d[3]δ (k− k3)|ψ({xi},{k⊥ i})|2
2M2
(m+ xM0)2 +k2⊥
,
h⊥q1L (x,k
2
⊥) = −P
q
∫
d[1]d[2]d[3]δ (k− k3)|ψ({xi},{k⊥ i})|2
2M(m+ xM0)
(m+ xM0)2 +k2⊥
,
(1)
where δ (k− k3) = δ (x− x3)δ (k⊥−k⊥3), and the integration measures are defined as
d[1]d[2]d[3] = dx1dx2dx3δ
(
1−
3
∑
i=1
xi
)
d2k⊥1d2k⊥2d2k⊥3
[2(2pi3)]2
δ
(
3
∑
i=1
k⊥ i
)
. (2)
In Eqs. (1), the flavor dependence is given by the factors Pu = 43, P
d =−
1
3, N
u = 2 and
Nd = 1, as dictated by SU(6) symmetry. A further consequence of the assumed SU(6)
symmetry is the factorization in Eqs. (1) of the momentum-dependent wave function
ψ({xi},{k⊥ i}) from the spin-factor arising from the Melosh rotations. Thanks to this
factorized form one finds the following relations
2hq1(x,k
2
⊥) = g
q
1L(x,k
2
⊥)+
Pq
Nq
f q1 (x,k2⊥), (3)
Pq
Nq
f q1 (x,k2⊥) = hq1(x,k2⊥)−
k2⊥
2M2
h⊥q1T (x,k
2
⊥), (4)
h⊥q1L (x,k
2
⊥) = −g
q
1T (x,k
2
⊥). (5)
Eq. (3) is a generalization of analogous relations discussed in Ref. [19, 20] and was also
rederived together with Eq. (4) in Ref. [21]. Eq. (5) was already found in the diquark
spectator model of Ref. [22]. In QCD TMDs should be all independent of each other.
The limitation to three valence quarks implies that out of the six TMDs f1, g1L, g1T ,
h1, h⊥1T , h⊥1L only three are linearly independent. A similar situation occurs with the bag
FIGURE 1. The transverse moments h(0)⊥q1T (x) (left panel) and h(1)⊥q1T (x) (right panel). Solid curves:
results from the light-cone CQM model. Dashed curves: results from the spectator model of Ref. [22].
Dotted curves: results from the bag model.
model [21]. In the diquark spectator model of Ref. [22] the relations (3) and (4) hold only
for the separate scalar and axial contributions, while Eq. (5) is verified more generally
for both u and d flavors. However, this is no longer true by considering different versions
of the diquark spectator model as in Refs. [23, 24]. Furthermore, combining the relations
(3) and (4), one finds for the h⊥1T distribution
k2⊥
2M2
h⊥q1T (x,k
2
⊥) = g
q
1L(x,k
2
⊥)−h
q
1(x,k
2
⊥). (6)
This result was already found in Ref. [21]. Integrating out transverse momenta and going
to the non-relativistic limit where helicity and transversity distributions coincide, one
finds that the first moment of h⊥1T vanish identically. Thus, relation (6) supports the
statement that h⊥1T is a measure of relativistic effects. Relativity, responsible for a chiral-
odd transversity distribution differing from a chiral-even helicity distribution, exhibits
the chirally odd nature of h⊥1T . This is confirmed by the following relation that is also
satisfied within our model:
h(0)⊥q1T (x) =
3
(1− x)2
˜HqT (x,0,0), (7)
where ˜HqT (x,0,0) is the forward limit of a chiral-odd generalized parton distribution
occurring in the case of parton and nucleon helicity flip (see, e.g., Refs. [19, 25]) and
the transverse moments of h⊥q1T are defined as h
(n)⊥q
1T (x) =
∫
d2k⊥
(
k2⊥
2M2
)n
h⊥q1T (x,k2⊥).
Eq. (7) was first found in Ref. [3] to hold for the scalar diquark model and in a quark
target model of the nucleon.
The results for all the T-even TMDs are discussed in details in Ref. [16], and here we
focus only on the distribution h⊥q1T . This distribution contributes when the quark and
nucleon helicity flip in opposite directions. It then requires an overlap between wave
function components that differ by two units of orbital angular momentum, either a PP
or an SD interference. While in the case of u quarks the PP and SD interference terms
add with the same sign, in the case of d quarks they have opposite sign, indicating that
in the present model the SU(6) relation between u and d contributions, h⊥u1T = −4h⊥d1T ,
is valid for the total result but not for the partial wave contributions. The transverse
moments of h⊥q1T are rather different in different models, as can be seen in Fig. 1 where
the light-cone CQM results are compared with results of the bag model and the spectator
model of Ref. [22]. This sensitivity to the adopted model suggests that the experiments
planned at COMPASS, HERMES and JLab [26] could give useful insights to model the
momentum dependence of the nucleon wave function.
According to Ref. [27], the distribution h⊥q1T gives also a measure of the deviation of
the nucleon shape from a sphere. This can be seen by defining a suitable spin-dependent
quark density, ρˆRELT , in a nucleon state polarized in the transverse direction ST either
parallel or antiparallel to the quark-spin direction n. The transverse shapes of the nucleon
are then derived from the following relation:
ρˆRELT (k⊥,n)/M
˜f1(k2⊥)
= 1+
˜h1(k2⊥)
˜f1(k2⊥)
cosφn + k
2
⊥
2M2
cos(2φ −φn)
˜h⊥1T (k2⊥)
˜f1(k2⊥)
, (8)
where φ is the angle between k⊥ and ST and φn is the angle between n and ST . A tilde
is placed over a given quantity to define the x-integrated distributions.
The transverse shapes of the proton are shown in the Fig. 2 for ST parallel to n, φn = 0
(left column), and for ST antiparallel to n, φn = pi (right column). The results assuming a
struck u (d) quark are shown in the upper (lower) row. In our model ˜f u1 ( ˜f d1 ) and ˜hu1 (˜hd1)
are of the same (opposite) sign and similar size, so that the contribution of the first two
terms on the rhs of Eq. (8) tend to cancel each other for φn = pi (φn = 0) emphasizing
the role of the pretzelosity in producing deformation. For u (d) quarks the last term in
Eq. (8) is negative (positive) for φ = φn = 0 and its size increases (reduces) with the
inclusion of the D-wave. This explains the larger transverse deformation in the direction
antiparallel (parallel) to ST for a struck u (d) quark, with a more significant effect in the
case of the u quark.
SPIN DENSITIES IN THE IMPACT PARAMETER SPACE
When ξ = 0 and x > 0, by a two-dimensional Fourier transform to impact parameter
space GPDs can be interpreted as densities of quarks with longitudinal momentum
fraction x and transverse location b with respect to the nucleon center of momentum [28,
29]. Depending on the polarization of both the active quark and the parent nucleon,
according to Refs. [29, 30] one defines three-dimensional densities ρ(x,b,λ ,Λ) and
ρ(x,b,sT ,ST ) representing the probability to find a quark with longitudinal momentum
fraction x and transverse position b either with light-cone helicity λ (= ±1) in the
nucleon with longitudinal polarization Λ (= ±1) or with transverse spin sT in the
FIGURE 2. Transverse shape of the proton, ρˆRELT (k⊥,n)/ ˜f1(k2⊥), assuming a struck u (upper row)
and d (lower row) quark. The horizontal axis is the direction of S⊥, while n = ˆS⊥ (φn = 0) and n =− ˆS⊥
(φn = pi) in the left and right column, respectively. The shapes vary from the circle to the deformed shapes
as k⊥ is increased from 0 to 2.0 GeV in steps of 0.25 GeV.
nucleon with transverse spin ST . They read
ρ(x,b,λ ,Λ) = 12
[
H(x,b2)+b jε jiSiT
1
M
E ′(x,b2)+λΛ ˜H(x,b2)
]
, (9)
ρ(x,b,sT ,ST ) = 12
[
H(x,b2)+ siT SiT
(
HT (x,b2)−
1
4M2
∆b ˜HT (x,b2)
)
+
b jε ji
M
(
SiT E ′(x,b2)+ siT
[
E ′T (x,b2)+2 ˜H ′T (x,b2)
])
+ siT (2bib j−b2δi j)S jT
1
M2
˜H ′′T (x,b2)
]
. (10)
where the derivatives are defined f ′ = ∂∂b2 f , and ∆b f = 4 ∂∂b2
(
b2 ∂∂b2
)
f . In Eqs. (9)-(10)
there appear the Fourier transforms of the GPDs for unpolarized quarks (H and E), for
longitudinally polarized quarks ( ˜H and ˜E) and transversely polarized quarks ( HT , ET ,
˜HT , and ˜ET ).
In Eq. (9) the first term with H describes the density of unpolarized quarks in the
unpolarized proton. The term with E ′ introduces a sideways shift in such a density when
the proton is transversely polarized, and the term with ˜H reflects the difference in the
density of quarks with helicity equal or opposite to the proton helicity.
In the three lines of Eq. (10) one may distinguish the three contributions corresponding
to monopole, dipole and quadrupole structures. The unpolarized quark density 12H in the
monopole structure is modified by the chiral-odd terms with HT and ∆b ˜HT when both the
quark and the proton are transversely polarized. Responsible for the dipole structure is
either the same chiral-even contribution with E ′ from the transversely polarized proton
FIGURE 3. The spin-densities for (transversely) xˆ-polarized quarks in an unpolarized proton (left
column) and for unpolarized quarks in a (transversely) xˆ-polarized proton (right column). The upper
(lower) row corresponds to the results for up (down) quarks.
appearing in the longitudinal spin distribution (9) or the chiral-odd contribution with
E ′T +2 ˜H ′T from the transversely polarized quarks or both. The quadrupole term with ˜H ′′T
is present only when both quark and proton are transversely polarized.
In the case of transversely polarized quarks in an unpolarized proton the dipole
contribution introduces a large distortion perpendicular to both the quark spin and the
momentum of the proton, as shown in the left column of Fig. 3. Evidently, quarks in this
situation also have a transverse component of orbital angular momentum. This effect has
been related [31, 32] to a nonvanishing Boer-Mulders function [17] h⊥1 which describes
the correlation between intrinsic transverse momentum and transverse spin of quarks.
Such a distortion reflects the large value of the anomalous tensor magnetic moment κT
for both flavors. Here, κuT = 3.98 and κdT = 2.60, to be compared with the values κuT ≈ 3.0
and κdT ≈ 1.9 of Ref. [33] due to a positive combination ET +2 ˜HT . Since κT ∼−h⊥1 , the
present results confirm the conjecture that h⊥1 is large and negative both for up and down
quarks [31, 32].
As also noticed in Refs. [28, 33] the large anomalous magnetic moments κu,d are
responsible for the dipole distortion produced in the case of unpolarized quarks in
transversely polarized nucleons (right column of Fig. 3). With the present model, κu =
1.86 and κd = −1.57, to be compared with the values κu = 1.673 and κd = −2.033
derived from data. This effect can serve as a dynamical explanation of a nonvanishing
Sivers function [18] f⊥1T which measures the correlation between the intrinsic quark
transverse momentum and the transverse nucleon spin. The present results, with the
opposite shift of up and down quark spin distributions imply an opposite sign of f⊥1T
for up and down quarks [34] as confirmed by the recent observation of the HERMES
collaboration [35]. The results in Fig. 3 are also in qualitative agreement with those
obtained in lattice calculations [33].
Finally, we refer to [25, 36] for the light-cone CQM results of the densities with more
complex spin-configurations with transverse polarization of both the quark as well as
the proton.
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